Introduction {#S0001}
============

Epilepsy is one of the common chronic disorders of the nervous system, with an increasing prevalence in the global population.[@CIT0001] Although there are multiple antiepileptic drugs (AEDs) of different mechanisms available for clinicians, one third of the patients with epilepsy cannot be controlled effectively and would suffer from drug resistance after a sufficient amount and reasonable use of AEDs.[@CIT0002] The formation of drug-resistant epilepsy has quite a few causes of which the genetic factor is considered to be significant.[@CIT0003] Since the single nucleotide polymorphism (SNP) of ABCB1 gene C3435T (rs1045642) was first confirmed to be associated with epileptic drug resistance in a Caucasian population, several other SNP loci such as rs717620 of the ABCC2 gene, and rs2706110 of the NFE2L2 gene were also found to be correlated with epileptic drug resistance in researches of different ethnic groups.[@CIT0004]--[@CIT0008] These pharmacogenomic results identified novel polymorphism loci that increase the vulnerability to drug resistance of epilepsy, which provides a new idea for the future clinical therapeutic target.

Aquaporin 4(AQP4) is widely found in the central nervous system (CNS), especially in astrocytes, which is of great significance to the water regulation balance in the microenvironment of the CNS. Neuronal excitability is closely related to extracellular space (ECS) volume and potassium ion concentration in the ECS. Dysfunction of AQP4 can lead to a reduction of ECS volume and therefore an increase of extracellular potassium ion concentration, resulting in increased neuronal excitability and abnormal highly synchronized electrophysiological activities in epileptic foci. Meanwhile, AQP4 may be involved in glial cell scar formation in CNS after the occurrence of epilepsy, which may play a critical role in the occurrence of epilepsy and the formation of drug resistance.[@CIT0009] In addition, the inward rectifying potassium channel Kir4.1, which is encoded by gene KCNJ10 and mostly expressed in the end-feet of astrocytes, is believed to act in concert with AQP4 to regulate water homeostasis and concentration of potassium ions in the ECS of the CNS. The main function of Kir4.1 is to carry potassium ions into cells accompanied by water entry through AQP4, which could reduce the excitability of neurons.[@CIT0010],[@CIT0011] In epilepsy, water homeostasis and ion concentration regulation imbalance of ECS may also lead to reduced sensitivity to AEDs and generate drug resistance. AQP4 was found to be significantly increased in protein levels in surgical resection from patients with refractory temporal lobe epilepsy (TLE), suggesting that AQP4 may be associated with epileptic drug resistance.[@CIT0012] Meanwhile, Kir4.1 expression was obviously reduced in astrocytes in hippocampi from patients with drug-resistance.[@CIT0013] These findings above reveal that AQP4 and Kir4.1 may be crucial determinants of epileptic drug resistance and seizure susceptibility.

So far, there has been no report regarding the exact correlation between drug-resistant epilepsy and SNPs of these two genes. Previous genetic polymorphism studies chiefly focused on validating its increasing susceptibility to seizures. Seven SNP loci of the KCNJ10 gene, including rs1053074, rs12729701, rs1186685, rs4656873, rs946429, rs2820585 and rs6656873, were found to be correlated with temporal lobe epilepsy with febrile seizure (TLE-FS) in Norwegian patients, suggesting that KCNJ10 had an essential influence on epilepsy susceptibility. Moreover, five SNP loci of the AQP4 gene (ss119336753, ss119336756, rs151244, ss119336763 and rs9951307) were found to be coupled to TLE-FS in the same population, indicating that AQP4 and KCNJ10 have potentially an obligatory correlation with TLE-FS.[@CIT0014] However, this study did not discuss the association between SNPs of these two genes and epileptic drug resistance. A better understanding of the influence on epilepsy of these two genes may develop much needed new therapeutic strategies for epilepsy individuals. Therefore, in our present study, we aimed to make a further investigation to find out whether AQP4 and KCNJ10 gene polymorphisms might be risk factors for drug resistance or seizure attacks of focal epilepsy.

Materials and Methods {#S0002}
=====================

Participants Recruitment and Classification {#S0002-S2001}
-------------------------------------------

In total, 510 patients with focal-onset seizures and 206 healthy controls without neurological disorders were recruited. The participants of our study were uncorrelated Chinese Hans randomly collected from the Neurology Clinic, Xiangya Hospital, Central South University, Changsha, People\'s Republic of China. Upon the approval of the Ethics Committee, all participants had signed an informed consent. On the basis of the operational classification of seizure types by the International League Against Epilepsy (ILAE) in 2017,[@CIT0015] the 510 patients were diagnosed and classified. The types of seizures and AED applications of each focal epilepsy patient were evaluated and checked by well-trained neurologists in our department. Patients with a history of drug abuse or alcoholism, severe systemic illness, poor drug compliance and uncertain seizure history were excluded. The drug resistance was accepted as incapable of complete seizure freedom after at least two appropriately used AEDs with adequate dosage and duration, meanwhile, drug responsiveness was accepted as complete seizure freedom for more than 12 months or three times the longest interseizure interval prior to treatment.[@CIT0016] After screening, in all participants recruited, 222 patients and the other 288 were classified into the drug resistant and responsive groups respectively.

Selection of SNP Loci and Genotyping {#S0002-S2002}
------------------------------------

The detailed information of SNP loci of the AQP4 and KCNJ10 genes in the Chinese Han population was acquired from the database of the International HapMap Project (HapMap Data Rel 24/Phase II Nov08, on NCBI B36 assembly, dbSNP b126). The selection criteria for tag SNP include minor allele frequency more than the value of 0.05 and an r2 threshold of 0.80. By doing so, SNP loci rs1058424, rs3763043, rs35931 of AQP4 and SNP loci rs12122979, rs1186685, rs6690889, rs2486253, rs1186675, rs12402969, rs12729701, rs1890532, rs3795339 of KCNJ10 were selected respectively. Peripheral whole blood samples (5 mL) from each participant were acquired with EDTA through venipuncture. We used QIAamp DNA Blood Mini Kit (QIAGEN, Germany) to extract genomic DNA from peripheral blood samples. Following the commendatory protocols with measurement of charge-to-mass ratio, the matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) was used for genotyping on the Sequenom MassARRAY iPLEX (Sequenom, USA) platform. TYPER 4.0 software was then applied to output the genotyping results.

Statistical Analysis {#S0002-S2003}
--------------------

The statistical analysis was carried out by using SPSS software (version 21.0). We used the binary logistic regression to analyze the difference of genotype distribution and frequency of seizures among groups. Independent samples *t*-test was used to evaluate the differences of duration time, number of AEDs, age of life and onset between drug-resistant and responsive groups. Allele distribution, sex distribution and the Hardy-Weinberg equilibrium were assessed by the Pearson chi-square test. A *p-*value less than 0.05 was accepted to be statistically significant. Accompanied by the 95% confidence intervals (CI), the strengths of the associations were described as odds ratios (OR). Bonferroni's method for correction of multiple testing was used in our study.[@CIT0017]

Results {#S0003}
=======

The clinical features of all participants are summarized in [Table 1](#T0001){ref-type="table"}. In general, compared to the patients in the responsive group, the drug-resistant patients had more frequent seizures, earlier onset age, longer duration of illness and had taken more AEDs. While there was no significant difference in age and sex between the two groups. The call rate of genotyping, including AQP4 and KCNJ10 genes, were over 98% for each tag SNPs ([Figure 1A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}, [Figure 2A](#F0002){ref-type="fig"}--[I](#F0001){ref-type="fig"}). Genotypes or allele frequencies of the three tag SNPs of AQP4 or nine of KCNJ10 have no significance between the drug-responsive and resistant groups ([Tables 2](#T0002){ref-type="table"} and [3](#T0003){ref-type="table"}). Among all the recruited focal epilepsy patients, 393 idiopathic ones were further stratified to compare with the healthy controls for genetic predisposition analysis. However, no clear correlation was found between SNPs and epileptic seizure susceptibility with regards to AQP4 and KCNJ10 ([Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}). The distributions of genotypes for all selected SNP loci both in the patients and healthy controls are in alignment with the Hardy-Weinberg equilibrium.Table 1Clinical Features of Enrolled Focal Epilepsy PatientsParametersTotal PatientsAED Resistant N=222AED Responsive N=288*p*Healthy ControlsAge of life (years)26.64$\documentclass[12pt]{minimal}
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Discussion {#S0004}
==========

This study is so far the first to explore the correlation between AQP4 and KCNJ10 gene polymorphisms and focal epilepsy drug resistance. As for clinical features, the most significant parameters associated with drug resistance of epilepsy patients include number of AEDs, age of onset, frequency of seizures before therapy and illness duration time, which would be considered as predictive factors of drug-resistant epileptogenesis probably. The genotypes of drug-resistant and drug-responsive patients, as well as healthy controls were all in alignment with the Hardy-Weinberg equilibrium, manifesting that a representative population sample was used. The allele and genotype frequencies were basically consistent with the Hapmap database. We tried to find the exact relationship between SNPs of these two genes and drug-resistant of focal epilepsy. It is helpful to increase our knowledge about how AQP4 and KCNJ10 genes affect drug resistance in focal epilepsy. Meanwhile, we took one step further to test the effects of selected SNPs on seizure susceptibility. However, according to our results, there is no association between AQP4 and KCNJ10 gene polymorphisms and seizure susceptibility or drug resistance in the participants we recruited.

AQP4 is mainly expressed in the end-feet around the blood vessels of astrocytes and the processes around the synapses of the neural fiber network, which is very beneficial to the bidirectional transport of water molecules in ECS and blood, affecting the volume and osmotic pressure of ECS. Thus, AQP4 plays a very significant role in regulating the water and example homeostasis in the extracellular microenvironment of neurons.[@CIT0009] The migration and self-healing rate of astrocytes were also significantly reduced after inhibiting AQP4 RNA, suggesting that AQP4 may be involved in the activation and migration of astrocytes and the formation of glial scars.[@CIT0018] The scars can result in abnormal neural circuits, leading to increased excitability of neural networks and a blocking effect on AEDs, which is one of the possible causes of drug resistance in epilepsy.[@CIT0019],[@CIT0020] We heretofore were capable of finding some previous studies on AQP4 gene polymorphisms and formation of epilepsy. The former reports have presented that AQP4 expression is altered in several epilepsy models.[@CIT0021] Some studies suggest perivascular upregulation of AQP4 whereas others revealed downregulation.[@CIT0022] In intrahippocampal kainic acid model of TLE, expression of AQP4 protein was acutely downregulated at 1 day post status epilepticus and was followed by a return to baseline levels gradually at the 30 days of post status epilepticus, which suggested AQP4 may express differently on early or later duration in epileptogenesis.[@CIT0023] The mean duration of patients we recruited are 11.71 and 7.67 years in the drug-resistant and drug-responsive groups respectively. Most of our patients were in the chronic period of epilepsy. According to the research findings on animal models, the expression of AQP4 protein would return to the baseline level at this period, speculating that equal quantities of AQP4 may be found in chronic epilepsy patients and healthy controls, which may be an explanation for our results.

Kir4.1 and AQP4 are involved tightly with the regulation of water, potassium redistribution and volume of ECS in the CNS,[@CIT0024] and play an important role in regulating the excitability of neurons. In the CA1 region of the hippocampus of mice knocked out by the AQP4 gene, potassium clearance was delayed, indicating that AQP4 and Kir4.1 not only co-expressed in the same region, but were also closely related in function.[@CIT0025] By using conditional knockout mice, KCNJ10 gene deletion can affect the excitatory transmitter of astrocytes to release glutamate and regulate the excitability of the neural network in the hippocampus.[@CIT0026] It is therefore likely that astrocytic Kir4.1 genes potentially affect drug resistance in epilepsy.[@CIT0027] Evidence that gene polymorphisms of KCNJ10 may be closely involved with the onset and development of epileptogenesis is accumulated. In previous studies, for the locus rs1130183, T allele of KCNJ10 was significantly higher in healthy people than in idiopathic generalized epilepsy patients in a German population.[@CIT0028] Meanwhile, in a pediatric epilepsy patients group in Japan, the GT genotype of KCNJ10 gene rs2486253 polymorphism also significantly increased the risk for development of idiopathic generalized epilepsy of children.[@CIT0029] Among a Chinese Han population, Hapmap database shows that rs1130183 are all CC genotypes, with extremely low frequency of T allele, which is not suitable for our SNPs study. Previously, rs6690889 TC and TT genotypes were found to have lower frequencies in genetic generalized epilepsy patients than in healthy controls recruited from southern China by the research of Guo et al. Hence, they speculated that potential SNP loci of KCNJ10 may contribute to seizure susceptibility and antiepileptic drug resistance.[@CIT0030] Compared to the former study, our design is different in two ways. Firstly, different types of epilepsy were chosen in our study, which probably have differences in their underlying etiopathogenesis. Secondly, a drug-responsive group was not set in Guo et al's research. Therefore, in the former study, it is a limitation to expound whether SNPs of KCNJ10 affect epileptic drug resistance or not.

As a result of few relevant studies and the complicated function of AQP4 and Kir4.1, the explicit evidence that these two molecules are involved with antiepileptic drug resistance is still lacking. Considering the results of absence of correlation between AQP4 and KCNJ10 genetic polymorphisms and epileptic drug resistance on the population level, it is possible that these two genes may not be directly involved in drug-resistant epileptogenesis of focal epilepsy. The altered expression of AQP4 and Kir4.1 in epilepsy patients and animal models may be the result of frequent seizures attacks, rather than one of the causes of drug resistance to epilepsy. Various AEDs primarily act on neural components, such as voltage-gated sodium ion channels (eg, phenytoin and lamotrigine), GABA~A~ receptors (eg, phenobarbital and diazepam) and voltage-gated calcium ion channel (gabapentin), not glial cell directly.[@CIT0026] This may be another reason that SNPs of these two genes do not contribute to AEDs resistance. Regarding focal epilepsy, our study is the first to analyze the effects of AQP4 and KCNJ10 gene SNPs on seizure susceptibility in the Chinese Han population. The frequency of rs1890532 CT genotype of KCNJ10 in healthy controls was higher than that in focal epilepsy patients (OR = 0.636, 95% CI (0.409 0.989), *p* = 0.045), prompting heterozygous CT genotype groups to have a lower risk for focal epilepsy. Regretfully, there is no significant difference between these two groups after multiple testing is corrected by Bonferroni method. The rs1890532 of KCNJ10 gene is located in the intron region. The locus may not play a direct role in encoding Kir4.1 protein, but it may be essential for accurate alternative splicing as well as efficient translation of KCNJ10 mRNA.[@CIT0031] The specific role of the locus rs1890532 may need to be further explored in the future.

The limitation of this study is that the sample size is relatively small, so it is impossible to evaluate the effects of SNP loci with low allele frequency but which play a crucial genetic role. Diverse regions and ethnic groups also would lead to significant differences in allele frequency distribution at the same SNP loci so that our results are different from the previous studies. Besides that, the mechanism of epileptogenesis for drug resistance and the clinical classification of epilepsy are very complicated. The diagnosis and treatment strategies of different types of epilepsy are also different. Therefore, it is necessary to repeat verification studies on the correlation between SNPs of these two genes and susceptibility or drug resistance of epilepsy in a larger sample size, different regions and ethnic groups in the future, so as to provide new ideas for clinical individualized treatment of epilepsy.

Conclusion {#S0005}
==========

AQP4 and KCNJ10 genetic polymorphisms may not be associated with drug resistance or seizure susceptibility of focal epilepsy in the Chinese Han population.
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[^1]: **Abbreviations:** FOA/FOIA, focal onset aware/impaired awareness; BTC, bilateral tonic-clonic.

[^2]: **Notes:** After multiple testing correction by using Bonferroni's method, p\<0.017 is accepted to be significant.

[^3]: **Notes:** After multiple testing correction by using Bonferroni's method, p\<0.006 is accepted to be significant.

[^4]: **Notes:** After multiple testing correction by using Bonferroni's method, p\<0.017 is accepted to be significant.

[^5]: **Notes:** After multiple testing correction by using Bonferroni's method, *p*\<0.006 is accepted to be significant.
